Previous studies involving rheological measurement of semi-solid foods have reported a large amount of data variability, but have focused little on understanding the cause of such variability. This project examined whether differences in normal force have an effect on the variability of rheological measurements. Experimental methods focused on error introduced during sample loading; specifically whether normal force application during loading influenced the storage (G') and loss (G") moduli of semi-solid and liquid foods. Samples were loaded to 5 or 20 N between the parallel plates of a TA-1000N rheometer and tested immediately. For all semi-solid products tested, normal force application during sample loading did significantly affect oscillatory parameters, with G' and G" measurements increasing up to 50 % with greater normal force. However, loading normal force did not significantly influence the parameters measured for the liquid sample. This suggests that differences in normal force during loading could be a significant source of data variability during rheological measurement of semi-solid products.
measurements while testing mozzarella cheese. The study concluded that slip could be reduced, and hence data variability lessened, by bonding the samples directly to the rheometer plates with an adhesive. Rosenberg et al. [10] investigated the use of a serrated plate geometry for reducing slip. The research involved oscillatory testing of cheddar cheese samples of varying heights (2, 5, and 10 mm) while using the serrated plate. The frequency sweep curves for the 5 and 10-mm heights were identical, but the curve of the 2-mm sample varied, suggesting that sample heights below 5 mm were still vulnerable to slip even with the use of the serrated plate.
Work softening, or the degradation of the sample structure, during the loading of samples has also been suggested as a source of data variability. Although work softening has not been identified or measured as a result of sample loading, many researchers have adopted a resting period between sample loading and testing into experimental methodology in order to reduce the effects of loading. Elliot and Ganz [2] and Munoz and Sherman [1] allowed for 15 and 20 minute periods of rest between loading and testing of salad dressing. Munoz and Sherman [1] reported that the rest period was included to eliminate the effects of work softening during loading; however, neither study gave evidence that work softening had taken place during loading or justification that this equilibration time was sufficient for eliminating any effects. Hill et al. [11] allowed for 15 minutes of rest before testing of lemon pie filling and Peresenni et al. [3] tested mayonnaise after a 5-minute rest. This use of a relaxation time has also been adopted into the testing methodology of more semi-solid foods. Sanchez et al. [12] included a 30-minute rest between the loading and testing of double cream cheese and Larsson and Eliasson [13] reported a 15-minute relaxation period for wheat flour doughs before testing. Again, none of the studies offered scientific support of why or how these resting times were chosen and if these times were effective.
None of these attempts at solving the problem of data variability has addressed the real question of what is causing the variability. Because much of the original research and proposed solutions to data variability were taken from previous research on liquid products, these
INTRODUCTION
Due to advancements in instrumentation that can measure dynamic rheological properties using oscillatory testing, many recent studies have been designed to relate dynamic parameters such as the storage (G') and the loss (G") moduli to the structure or composition of food materials. G' and G" help define the viscoelastic behavior of a product by quantifying the solid and the liquid components. G' is the measure of the energy stored or absorbed by a material (i.e the elastic component) and G" is the measure of the energy lost (i.e. the viscous component) during each cycle of sinusoidal input during oscillatory testing.
One of the important developments in rheological research has been the study of semisolid foods. Early research focused primarily on liquids and semi-liquids such as salad dressings [1, 2] and mayonnaise [3] . In more recent studies, however, products tested have included a variety of semi-solids. Both Navickis et al. [4] and Letang et al. [5] used dynamic rheological testing to correlate rheological properties with the texture and composition of various wheat flour doughs. Both described a decrease in G' and G" values in doughs with higher moisture contents, and Navickis et al. reported that G' and G" could also be directly related to the protein content of the doughs. Solorza and Bell [6] studied the influence of milk composition (i.e. fat content) on the G' and G" of cheeses and reported that cheese made from skim milk yielded greater G'and G" values than cheese made from whole milk. Ustunol et al. [7] and Subramanian and Gunasekaran [8] also studied the dynamic rheological properties of cheese by investigating the effects of either fat content or storage duration and testing temperature on G' and G".
Oscillatory measurements are particularly useful due to the non-destructive nature of the test and the ability to relate rheological parameters directly to the structure of the product tested. Despite the potential usefulness of oscillatory measurements, however, there are currently problems with data variability when testing food products. Attempts to improve data repeatability have focused either on ways to reduce an assumed slip phenomenon, or on the use of relaxation protocols adopted from research on liquid products. Nolan et al. [9] analyzed the specimen slippage using oscillatory methods relied upon the assumption that semisolid and liquid products respond similarly to oscillatory testing.
One potential source of error during rheological testing which has been largely ignored to date is the amount of normal force applied during loading. As the upper plate of the testing geometry is lowered onto the sample, a force is exerted normal to the sample, and liquid and semi-solid products react very differently to the normal force. A liquid sample responds to this force by spreading out across the testing surface, and a semi-solid sample becomes compressed and compacted but maintains its integrity. Advances in rheometer instrumentation now provide both measurement and control of normal force during testing. The focus of this research was to determine the effect of loading normal force on oscillatory measurement of semi-solid food products.
MATERIALS AND METHODS

MATERIALS AND SAMPLE PREPARATION
Five different food products were chosen for the study: bologna, fat-free bologna, cheddar cheese, mozzarella cheese, and mustard. Four different lots (packages) of each of the five products (Oscar Meyer Thin Sliced Bologna, Oscar Meyer Fat-Free Bologna, Kraft Deli Style Cheddar Cheese, Sargento Pre-Sliced Mozzarella Cheese, and French's Yellow Mustard) were purchased at local grocery stores and immediately labeled for storage. For each product, the different lot numbers were randomly labeled 1, 2, 3, or 4. Three slices from each lot of the semi-solid products were removed from the packaging and placed in Zip-Loc® bags, which were subsequently placed into cold storage (average temperature 4∞ C). The mustard samples remained in unopened jars at room temperature until testing.
Preparation of the semi-solid samples for testing required removing the Zip-Loc® bags from cold storage and allowing the products to equilibrate for three hours to room temperature, randomly designating each slice in the individual bags A, B, or C, and cutting two 4-cm sample discs from each slice for testing. Sample discs were cut using a stainless steel corer (4-cm inside diameter) that was manufactured in the Biosystems Engineering Laboratory (Oklahoma State University).
EQUIPMENT
A TA-1000N controlled stress/strain rheometer (TA Instruments Ltd., New Castle, DE) was used for all testing. Calibration of instrument inertia, testing geometry, geometry mapping, and gap zeroing were performed at the beginning of each day's testing of samples. Rheology Advantage (TA Instruments Ltd., New Castle, DE) software was used for both instrument control and data acquisition.
Two different testing geometries, both measuring 4-cm in diameter, were used to test semi-solid and liquid samples. Mustard samples were tested using a flat, smooth stainless steel plate (TA #970923, TA Instruments Ltd., England). The semi-solid samples were evaluated using a flat, serrated stainless steel plate (TA #981397, TA Instruments Ltd., England). The roughened surface of this geometry was created by a 40 by 40 array of 1 -mm pyramidal teeth. This serrated plate was selected for testing semi-solid samples in an effort to reduce sample slippage during testing as suggested by Rosenberg et al. [11] .
LOADING PROCEDURE AND TESTING PARA-METERS
Sample loading involved three steps. First, either a semi-solid sample disc or 1 teaspoon of mustard was placed on the rheometer's lower base plate. Second, the testing plate was manually moved directly above, but not touching, the sample. The final step required loading the semi-solid samples to a target normal force of 5 or 20 N and the liquid sample to a target normal force of 1 or 5 N. These forces were chosen after preliminary investigations showed that samples loaded by other means could easily be exposed to this range of forces [14] . The gap size (between the two plates of the rheometer) was recorded for each sample, and the average difference in gap size for samples loaded to either 5 or 20 N was only 280 microns, suggesting that there is little physical difference between samples loaded to the lower or higher normal force. The rheometer's normal force control function was turned on in order to load the samples to a specific normal force. This function would move the plate on top of the sample by decreasing the gap, which continued until it compressed the sample to the desired normal force. Once the target normal force of 1, 5, or 20 N was achieved, the normal force control function was stopped by selecting run and allowing the test pro-November/December 2002 cedure to begin. However, for the liquid mustard sample, loading required one more step. Once the sample had been compressed by the upper plate to the desired normal force, the excess mustard that had migrated from under the upper plate was trimmed with a plastic spatula, and then the test was started.
Once loaded, samples were subjected to either a stress ramp (0.1 to 1000 Pa) at an oscillation frequency of 10 Hz, or a frequency sweep (.1 to 100 Hz) at a stress of 20 Pa. The 20 Pa stress was chosen because it was contained in the linear viscoelastic region of all semi-solid samples. For all tests, plate temperature was held at 25∞ C. During testing the normal force was held constant at 0.5 N below the loading normal force (i.e. at 4.5 or 19.5 N for semi-solid samples and at 0.5 or 4.5 N for the mustard samples), with a 1 N tolerance. Thirty testing points were recorded by the rheometer over a period of 4.5 minutes. The response variables collected were the storage modulus (G') and the loss modulus (G").
STATISTICAL DESIGN AND ANALYSIS
This experiment was organized in a split-plot structure in a complete random design with subsamples at the whole plot level. For the stress ramp data, each of four different lots was represented by three slices (A, B, C), and two sample discs were cut from each slice. For the frequency sweep data, each of three different lots was represented by two slices.
For statistical analysis, the stress ramp data was represented by the average of thirty readings of G' collected over a range of 0.1 to 1000 Pa. Frequency sweep data was represented by moduli values at frequencies of 1, 10, and 100 Hz. The MIXED procedure of SAS® Version 8.1 [15] was used for statistical analysis. Main effects and interaction of product and normal force were evaluated and appropriate multiple comparisons were made using contrasts or means comparisons without Type I error modification (LSD for pair-wise comparisons). All tests were conducted at the 0.05 level of significance.
RESULTS AND DISCUSSION
Generally, greater normal force application during loading resulted in significantly greater magnitudes of storage and loss moduli for most semisolid products. This trend was evident both in stress ramps and in frequency sweeps.
STRESS RAMPS ON SEMI-SOLID PRODUCTS
For all semi-solid products, there were significant differences in G' and G" between the samples loaded to 5 and 20 N, and this difference was clearly evident in the stress ramps. Figure 1 shows G' versus oscillation stress for fat-free bologna samples loaded to 5 and 20 N, and subjected to a stress ramp of 0.1 to 1000 Pa. Each of the two curves shown is the average of 12 samples, with error bars showing +/-one standard deviation. It can be clearly seen that G' values are higher for the samples loaded to 20 N than for samples loaded to 5 N. There is a clear difference in G' values due to loading normal force throughout the entire stress range.
In order to quantify the general difference in G' curves between samples loaded to 5 N and 20 N, the average G' value throughout the entire stress ramp was calculated for each sample tested. The mean of the average G' values for each of the four semi-solid products tested is shown in Table 1 . It can be seen that the mean average G' value for each of the four products was greater for samples loaded to 20 N than for samples loaded to 5 N. The effect of normal force is strongest in bologna, where the average G' is 29,153 Pa when loaded to 20 N, compared to 19,124 Pa when loaded to 5 N of normal force. The ratio of G' at 20 N to G' at 5 N has also been computed in Table 1 , and ratio values ranged between 1.52 and 1.03, indicating that normal force differences caused as much as a 52 % difference in average G' values. The difference in the mean values for the cheddar cheese samples is substantially less than for the other samples (3 % change in cheddar cheese versus 52% change in bologna). Table 2 shows the statistical analysis summary comparing the effect of loading at different normal forces for each of the four products. The results show that for both bologna products and the mozzarella cheese the difference in G' due to different loading normal forces was significantly different, but for the cheddar cheese it was not. Explanation for higher loading normal forces corresponding to greater storage moduli must be provided on a molecular level. Considering what a greater normal force during loading means to a semi-solid food helps justify this trend. The greater the normal force during loading, the more compact the sample becomes due to the properties of a semi-solid food. When subjected to a 90-degree force, the sample will respond in two directions: both pushing its molecules outwards to relieve pressure and also forcing the molecules closer together. Due to the nature of a 90-degree force, the molecules will move closer together to a greater extent than they will move outward, thus creating a compact sample. The more compact the sample becomes, the more it will mimic solid-like behavior. Since the storage modulus (G') is the measure of the solid component of a product, it is logical that G' will increase with greater applied force.
FREQUENCY SWEEPS ON SEMI-SOLID PRODUCTS
In addition to the stress ramps, frequency sweeps were conducted, with a frequency range of 0.1 -100 Hz and a stress of 20 Pa. Figure 2 shows the frequency sweeps for 8 samples of bologna, four tested at a normal force of 5 N and four at a normal force of 20 N. As can be clearly seen from the graph, all samples tested at 20 N of normal force have higher G' values than those tested at 5 N normal force. The effect of normal force is clear, at all frequencies. Table 3 shows G' values for bologna, mozzarella, and cheddar cheese tested at 5 and 20 N at frequencies of 1, 10, and 100 Hz. Each of the G' values given represents the average of 6 samples. Also shown in Table 3 is the ratio of G' at 20 N to G' at 5 N and the statistical analysis for whether the effect of normal force is significant. As can be seen in the table, G' values for bologna samples loaded to 5 or 20 N normal force were significantly differ- Table 2 Figure 2 Table 3   Table 4 ent at all 3 frequencies. For example, at 1 Hz, G' values for bologna were 17,923 and 23,675 Pa when loaded to 5 and 20 N, respectively. For every semisolid sample, the G' values were higher when loaded to 20 N compared to loading at 5 N, even though the differences were not statistically significant for the cheddar cheese at 10 Hz or for either cheese at 1 Hz.
Looking at the ratio of G' for each of the products, the trend is very consistent among different frequencies for each product. For bologna, the ratio ranges from 1.25 to 1.32, indicating fairly consistently that G' can change about 30 % due to differences in loading normal force. Similarly, the ratio for mozzarella cheese is somewhat less, ranging from 1.11 to 1.13, but is still very consistent, suggesting that G' may change about 12 % due to differences in loading normal force. The ratio for cheddar cheese ranged from 1.00 at the lowest frequency to 1.08 at the highest frequency, suggesting that the effect of normal force on cheddar cheese is not as great as the other two semi-solid products. Table 4 shows the G" values for the three semi-solid products. The effect of normal force on G" values was very similar to the effect on G'. In every case, G" for samples loaded to 20 N normal force was greater than for samples loaded to 5 N. Statistically, the bologna samples were significantly different at all frequencies, the mozzarella only at 100 Hz, and the cheddar samples were not statistically different due to loading normal force. The trend in the ratios was very consistent, however, and was similar to the ratios seen with G'. For bologna, the ratios of G" (20N/5N) ranged from 1.27 to 1.33, suggesting again that loading normal force can change G" values by 30%. For mozzarella cheese, the G" ratios ranged from 1.14 to 1.16, indicating that normal force affected G" values by about 15%. And in the cheddar cheese, ratios ranged from 1.05 to 1.08, suggesting that there is a consistent effect on G" from loading normal force, even though statistically the differences were not significant.
EFFECT ON MUSTARD
Since mustard is a liquid product, it was not possible to apply the same forces as were applied to the semi-solid products, hence mustard samples were subjected to normal forces of 1 or 5 N. In general, mustard samples showed slightly greater G' values for samples loaded to greater normal force, but this trend was much less dramatic for the mustard samples than the semi-solid samples. Statistical analysis verified that there was not a significant difference in G' value based on different loading normal forces (p = 0.9640). The liquid product, mustard, responded to normal force quite differently than the semi-solid products, and there were only minimal differences in compactness detected between samples loaded to 1 or 5 N.
CONCLUSIONS
This study confirmed that loading normal force does influence the oscillatory measurements of semi-solid food products. Specifically, higher normal force (20 N) applied during sample loading produced G' and G" values 5 -50 % higher than samples loaded to the lower normal force of 5 N. Results suggest that if samples are not loaded to the same specified normal force for each test, data variability will be introduced during loading. Additional, on-going studies regarding the response of semi-solids to loading normal force (i.e. investigation of sample relaxation) suggest that effects of loading normal force on some semi-solid samples are not eliminated or minimized by simply allowing the sample to rest prior to testing. Thus, strict sampling protocols, which control and/or measure normal force during loading are recommended. This study also demonstrated the large differences in response to loading normal force between liquid and semisolid products. This conclusion is significant for rheological testing because the methods adopted for improving repeatability in results for liquid products may prove ineffective when used for testing semi-solid products. Future research is needed to develop methods designed to minimize data variability during rheological testing of semi-solid products.
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